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Tre determination of the effect of weldir upon the propertics
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JNTRQUUCTION
(a) Authorization

1. This problem was anthorized >y Turess
letter JJ4b-1/15(4-2-Ds) of L April 1

2. A summary n:po"t on the progress of thoe invesiigation
was submitted under Naval ! Apsearch Labcoratory Heport No, M-1419 o

January 1938,

(b) Statement of Problem

3. he term "weldability", s orplied e oa sweel, has not
received any uniform definition by the weid i 1

tigator setting up his own definition fo
analysis, x*garv*lﬂs of the = _ r
for qualification, the term "weldabilivy” of a ste
degrec of ease of producing a weld joint satisfactory ,
intended., Any laboratory test must recoimize this fact, Much of
the confusion may be accounted for by e facht that in design for
welding, each joim, is a problem in iteelf ard that all the
variables of which there may be a dozen or more, such &s thickrnoess
of plate, specd of travel, rate of pow-r invut, 2te, will hawve thoir
effect.

L The rvra;serzt investigation . nouwters in iws first aspect
a study of the Tohness as measured by standdard and deuble width

Charpy notcnod-tor to seimere of o parenl metal and
affected zone ol oot voad or single

B B s . o T - . o ~ s AV B &
5. e 0o o normadizioe, prolonting, or stroess relsd
T . H "y IR PR - >
arnoading is mot nodded o tors ropnr
- M 3 Ly e Lt . B Y .
G Theroal Ltudies have boen consllered csguntiar anooer
b ol . - P 4 Al S .
‘o boetrer Ll vy thormal condsnions o diadre eflect an the
, T X
narent M o Lo weld metal,
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9. The general effect of change in width of the notched-
bar is shown by Plate 2. The actual values given will, of course,
change with variations in the composition of the steel under test.
The greater the notch sensitivensss of a particular steel the greater
spread will be shown in this type of curve.

10, The effect of heat treatment on the Charpy notched-bar
velue is shown by Plate 3. Here again the actual values and the
exact position of the curves will be determined by the particular
steel undcr investigation and the particular hcat treatment to which
the specimen has been subjected.

11, A search of the literaturc disclosed many investigations
upon the mctallurgical behavior of the hoat-affected zone adjacent
to a weld joint or bead., Sewveral investigators have measured thermal
conditions adjacent to a weld, However, no publication correlates
the actual metallurgical changes, as predicted by the Fe~L equilitrium
diagram, with the time-temperaturc cycle in welding processes,

MAIERIAL UNDER TESL

12. The series of laboretory and commercial steels which
were usedd in the previous studies of this problem has supplied the
material for this investigation, The analyses of the plate material
sppoar in Table 1,

13. No. 78 Airco, Grade BA, Class 2, heavy coated electrodes,
3/16~inch in diemeter, wer: used as the standard in this welding study.

14. Soveral other makes of electrodes were also awvailcble
for thermal studies. Among these are included:

Una 3200 ~ 3/16 inch diameter
Murex Cresta ~ 3/16 inch diameter
METHODS OF TEST

1s. It is felt that a full automatic control of welding
conditions ies = fundamental requisite in making test welds, While
it is true that much perfect weld metal is deposited mamually by
skilled welders, it is equally true that test work requires the
naintenance of uniform velues of current, arc voltage, and speed
of travel of electrode., As a result, after considersble experimental
and design work, a full antomatic welding control has been built which
closely maintains the welding conditions to a predetermined value,
This insures comparable and reproducible results.

16. Thermal conditions have bcen established showing the cycle

of temperature through which the metal adjacent to the deposited
netal passes, In the determination of this time-temperzture relation,

e



Pt, Pt-10X Rh thermocouples made from No, 40 BAS gmuge wire were
nounted in a 2 ms (.079") thermocouple tubing snd inserted into holes
drilled in the bottom face of the test plats, the thermocouples
being located at wrious distances from the deposited metal, This
is clearly shown in Plate 4, Care was taken to insure good contact
of the themmooouple bead with the test plate. A movie camers was
used for sach themocouple to record simultaneously the trensient
axilliwilt mets

readings of r and & stop-watch as the bead weld wae
nade on the top face of the test plate. Type of electrode and
power input has been varied in tests so far,

17. Temperature measurements have been made on the weld metal,
during depositian, using an optical pyrometer, An operstor trained
in the checking of the temperature of many steel casting heats was
available and consistent results were obtained,

18, Single bead welds were deposited transverse to the
direction of rolling on 6 x 7 x 1/2" plates in the as rolled condition.
The electrodc was used with reverse polarity at 175 amperes, 25 volts,
and & speed of trawvel of 6 inches per minute. An approach plate was
used in order to make a greater portion of the test platc availsble
for investigetion., The plates were sectioned to give specimens for
micro and macro examination., Five standard (394" x 394" x 2.165")
and two double width (394" x 788" x 2,165%) notched-bar bead weld
specimens were also preparcd, After these were ground and etched
the location of the Venotch was determined by using a comparstor
or micrometer for measurement. The apex of the standard V-notch
wes machined tangent to the fusion line as in Plate 5. Five standard
and two double width specimens were also made for each plate material
tested, o

19. In 8 second series of test plates, single bevel groowe
welds were prepared, ane platé being scarfed to a 45° angle, and the
other being cut with no scarf. A backing strip was used w ith a root
opening of slightly over 3/16 inch, Theo weld was complcted with six
passes using reversed polarity, at 190 amperes, 27 wolts, and a
travel of 5" per minute., During thc first two beads, the plates
required positioning in order to obtain full penetration at the root
of the weld groove. Six standard width, notched-bar specimens were
machined, three with the V-notch at the fusion linc and three with the
V-notch at the outer edge of the heat-affected jone as shown in Plate
6. It is felt that weld joint, double w idth specimens would add
much to the weld joint data,

20, Vickers Brinnell hardnoss measurements have been made on
the bead weld macro specimens using a 10 Kg load with the diamond
pyramid, Macro- and micro-photographs are being made and will be
included in a2 futurc report. The notched-bar spocimens were broken
in an Amsler pendulum type machinc at temperatures between 70 and 7SOF.



DATA CRTAINED

2. Time temperature cycles in bead welds are presented in
Plates 7 to 14, current and type of electrode being varied as
indicated, The relation of power input to plate material melted
is presented in Plate 15,

2, The relation of themal conditions, structure, and
haydness as the result of arc welding a mild carbon steel is
presented in Plate 1.

2. Notched~bar test values for the plate material, bead weld
and weld joint specimens together with a hardness summary for the
bead weld are presented in Table 1, For conwenience in comparisamn,
the half-width keyhole and wald quench test values previoualy pre—
scntod arc re-tabulated,

24, Certain thermal distribution curves showing the time-
temperature cycle in bead welds have been established,

25, ‘The use of standard width, 10 mm (.394%) and double
width, 20 mm (,788") Charpy notched~bar test spocimens definitely
gives information regarding toughness of plate materlial in the as
rolled snd weldad condition., This information is not given by one-
half width, 5 m (,197") Charpy notchcd-bar test specimens.

26, Using 346 commercial eloctrodes, No. 78 Airco, Murex
Cresta, and Una 3200, under identical conditions, no difference could
be noted in the themmal cycle through which a plain carbon stecl

Plate passed during welding.

2Te The timo-temperature themsal distribution in a bead weld
indicstes thet the time of cooling of ono-half inch thick test
plctes increasss with the power input.

28, The volume of parent metal melted decreases with a
docreanc in power input,

2. These two facts have drect and opposite effects in
the preetical welding of low alloy stcols. In steels which alloy
soundly with tho oloctrode deposit, an increass of power imput will
reduce the dangor of the drastic weld quench. On the othor hand, if
the quality of tho weld metal depoaited suffore due to parent metal
dllution, the power irput mast be kept 2t a minimom,



for & mild stesl can Do correlsted with changss predicted by the

in s beed wald omtixins the vhols gemut of heat trested stesl,
stdiss of themal conditions and microstyuctures mssy be used in

of low &} sdditions in shifting known equilidrius phases may also
be staltied, Amdasentsl data of this typs would belp much in & clesrer
wierrttniing of the sstallurgy that takes place in the parent metal
sdjscent to a wld acne.

1. Plate 4, » longitadinal croes-section of a bead wsld,
shows the location of ¢ set of five thermocouples used for messuring

3a. Across the heat-affected zone of the bead weld, as seen
in Plate 1, sxists the whole rangs of heat-treated material. Any
welding procedure will necessarily produce conditions comparable to
both good and bad hest treating prectice. At the weld-metal parent-
metal interface, the materisl has beon heated up to the melting point
of the parent metal and cocled repidly or quenched through the
sustenitic range by the surrounding parent metal, The grsin growth
in this some will depend directly upon the maximm temperature
attained over the Ay point. The final structure will be dependent
upon the compositioh of the steel and the rate of cooling. %

33. The very coarse structure just below the weld-metal,
parent-metal interface is a condition typical of ove ted
The degree of grain growth is greatest just below the fusion line
and becomes less as the maximm temperature decreases until the A3
transformation point is reached., The normal result of heat-treatment
as ordinarily practiced is a refined grain sise, and the grain growth
associated with welding is the result of the steel having been at
temperatures well in excess of the Ag tronsfomation point, In
general, the higher the hardening temperature, the slower is the
critical rate of cooling necessary to dewelop full hardness,

34. In the area which has reached a maximm tempersture
below the Aq and above the Aj, sustenite begins to form which in
turn is transformed to the ferrite-cemsntite phase during the cooling

cycle,

35. For temperatures just below the A} trensformstion, the
carbide particles tend to diffuse and coalesca into spheroidal
particles,
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36. Trensformations and changes require a definite amount
of time but are hastened by increased temperatures. Lower carbon
and 3lloy contents will tend to permit the changes to take place
at shorter intervels of time. The effect of higher carbon and
alloy contents is to increase the sluggishness of transfomations
and to shift the critical rate of cvooling to a higher value,

37. It is tc be emphasized that in the heat—-affected zone
of the parent-metal, adjacent tc a weld, the maximum temperature
attained and the rate of cocling at any point will determine the
final structure produced, As we leave the fusion line, the tempera-
ture difference between any point and the parent-metal becomes
less and less, which in tum will reduce the thermal gradients
and decrease their metallurgical effects., The use of prehoating
and multiple beed deposits will affect the structure of the parent-
mctal only insofar as the thermal cycle through which a particular
structure passes is affected,

38. A typical crack occurring adjacent to a bead weld is
shown on Plate 16, It is to be noted that the shape of the bead
weld on the steel plate is such as to produce stress concentration
at the toe of the weld, The crack injtiates in the parent metal at
this point adjacent to the fusion line and progresses in the direc-
tion of least resistance through the heat-affected zone.

(c) Discussion of Data

39. As a general survey of the data presented in Table 1,
Plate 17 has been plotted, comparing graphically the values of
standard width V-notched with the half-width keyhole-notched
specimens, At first glance, the correlation would seem to be poor
but when one recognises the variables which affect the notched-
bar test, such as shape of bar, size of bar, snd type of notch, it
is surprising that the c?ﬁelauon is as good asdtj is, It has
been pointed cut by Hoyt and McAdam and Clyne that a narrow
potched test specimen may, at room temperature, have a higher notch
toughness than a wider specimen. Notch sensitive material will show
a decided decrease in energy absorption per unit area as the speci-

n——--—--——_..-—-_--——.-_...-—--—-——-.-.-...-

(1) Hoyt, S.L., Botched Bar Testing. Metals and Alloys, Vol,7, 1936,
PPe 57, 39-43, 102-106, and 140-142,

(2) McAdam, D.J,,Jr. and Clyne, R.W. The Theory of Impact Testing:
Influence of Temperature, Velocity of Deformation, and Form and
Size of Specimen on work of Deformation, American Society for
Testing Materials, Proceedings, Vol, 38, 1938, Pt 1I,
Technical Papers, pp. 112-132.



mens incroase in width, The curves presented in Plate 2 are

typical curves of this phenomenon, For different steels, the set
of curves may be shifted laterally to the right or to the left.

The greater the width of & specimen, notched on only one side,

the greater is the hindrance to contraction along the notch, In-
crease in specimen width in any particular steel, like an increase
in depth or sharpness of the nctch, raises the temperature at which
the steep, low temperature drop of the curve occurs, Heat treat-
ment will also shift the notched-bar values. Grain size and

degree of uniformity of microstructure will also affect the notched-
bar value. Typical effects of heat treatment are shown by the
curves given in Plate 3, which represent data obtained on a carbon
steel, Cognizance of these variables, the type of specimen and

the heat treatment, is essential in interpreting notched-bar values,
Notched~bar testing will only be of full valus when the variables
which affect its results are recognized,

40, Hardenability can ornly be considered as a
rough indicaticn of a steel's weldability, tecls of different
compositions may, for an equivalcnt hardness, possess different
degrees of toughness or brittleness. However, this approximate
criterion of hardness may be uscd and the steels divided into four
groups. Group 1 would include steels in which the average hordness
of the heat~affected zone of the parent metal is below 200, group 2 -
<00 to 250, group 3 - 250 to 325, and group 4 - those showing hard~
nesses above 325, Group 1 includes steels which may be welded
without preheating and without nccessity of stress relief annealing

ter welding. Steels numbers 1, 2, 5, 6, and 9 are plain carbon
steels, hardenability being kept at a low level by reason of the
low carbon and mangancsc content, Notch sensitiveness shown by
the high ratio of double width to single width test values in these
steels is low both in the as rolled as well as the welded condition.,
Steel No. 20, in spite of low hardenability, shows a decrease in
the double width Charpy notched-bar test value compared to the
single width, This indicates that this steel 1s notch sensitiwve at
room temperature and would make the use of thls steel qucstionable.
Welding heat~treatment does not change this behavior, Comparison
of single and double width notcihed-bar specinens of plate material
and of the bead weld type show scme beneficial offect of the
particular thermal cycle used in these welling tests, Weld joint
properties show an improvement. This behavicr of Stesl No, 20 is
not shown by tne 1/2 width specimens, In Steel No, 29, it was
not possible to obtain & break across the arnealad zonc in the
weld joint specimen, as in each tcst an irregular break down through
the fusion line occurred. From this series of tests, the samples
of Stoels Nos. 27 and 32 indicatc the best welding properties,
Tests on other samples, and 2 wider range of tests, will be
required before “irther roccommendations can be made.
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41, Group 2 includes those steels which require slight
preheating for heavier sections; and strecs relief annealing is
advisable for lighter sections and mandatory for heavier sections.
Steel numbers 3, 10, 13 and 14 are plain carbon, stecls with
somevhat higher carben and manganese than the steels of Group 1,
Steel No., 13 with some degree of notch sensitivi ty 3t room tempera—
ture is not particularly affected by the present welding thermal
cycle. Steel No, 18, a carbon-,50% molybdenum and Steel No, 23,

8 copper-molybdenum steel show good notched-bar properties in all
cases, Steel No., 30, a Mn-Ni—Cu-Mo steel shows exceptional
improvement in notched-bar values, in the heat-affected zone of

the weld joint specimen and in the bead weld test. In consideration
of the notched-bar test values, Stecls Nos.10, 23 and 3C may well
be included in Group 1,

42, Group 3 includes those steels which requirc preheating
to 300° F. or higher and a stress relicf anneal is nceessary for
both light and heavy scctions., Stecl No. 4 is & plezin carbon
steel which has a coarse grain, indiczting a finishing temperature
considerably above the transformation point. The coarse grain
enhances the cffect of carbon and manganese giving brittle
notched-bar results in all cases. No double width test values
were obtained., Stcel No. 11 is a steel with carbon of 0,29%, and
manganese of 1,06%, All notched-bar test wlues are comparatively
high, although the ratio of the standard to double width notched-
bar in the plate material is low. Weld heat treatment gives an
improved matio. The coarse grain structure has shifted the
notched~-bar temperature curve to a higher temperature lewvel for
the 1/2 width weld quench. Steel No. 19, containing 0.79 per cemt
molybdenum, shows some decrease in the ratio of the double to the
standard width bead weld notched~bar, when compared with the ratio
for plate material, This indicates an increase in notch sensi-
tiveness of this material when subjected to weld heat treatment.
The standard width weld joint amncaled 32onc shows a decided
improvement., Steel No. 22, a manganese~vanadium stecl, 1s somewhat
more notch sensitive in tho bead weld test than &s rolled., Steel
No. 35, a carbon, manganese, 2.31 per cent nickel steel, is
decidedly influenced in its notch sensitivity by the present
welding themmal cycle. Stesls Nog.l9 and 22 may well be inecluded
in Group 2 classification.

43, Group 4 includes those steels whose average hardness
of heat-affected sone would require preheating to 400° F or
higher and the welded structure not being cooled until stress
relieved or annealed, Steel No. 33, a 4 to 6 per cent chromdum~
molybdenum steel is decidedly sensitive to the prcsent weld thermal
cycle, as shown by ecffects of the bead wcld test, The double
width specimen of the plate material docs not show as high 2
notched~bar value as the standard width, although both of these
values are high. Steel No., 37 is decidedly influenced in its



notch sensitivity by the present welding thermal cycle. Steel

No., 38, a chromium-molybdenum steel with high initial hardness

and coarse grein in the ss rolled condition, shows low notched-bar
value which is decidedly improved by the bead weld heat treatment.
Despite the high hardness, this steel is a better welding steel
than Steel Ko, 3, for example, and may well be placed with the
steels of Growp 3 or even Oroup 2.

SIMNARY AND CONCIUSLONS

Lo The use of 8 single and a double width Charpy V-
notched test specimens of a welding steel in as rolled condition
may be used to indicate the degree of notch sensitivity of a

"m:u steel,

45. The use of a single and a double width Charpy V-
notched test specimen of a welding steel with the apex of the
notch tangent to the heat-affected sone under a bead weld may be
used to indicate the degree of notch sensitivity of the welding
stecl after being subjected to a weld thermal cycle.

46, By comparing the notched-bar value of plate material
with that of thc bead weld notched-bar, an indication is obtained
of the effect of weld heat treatment on the notch senaitivity.

47. The use of the 1/2 width Charpy notched-bar test
presents results under only one condition and the data are in no
way complcte. Also, inherent in this size of specimen is a
lowering of the temperature at which the steep low temperature drop
of the total work curve occurs; henca, ductile breaks and erratic
conclusinng are possible,

48, The use of bead weld notched-bar specimens takes into
consideration the ~ffect of the annealed zone in those stecls
which have » brittle annealed zone as well as those stevls whicon
rave a brittlc MNision zone backed up tv & less brittle annealed
pAsteta

49. Kelding technique may be varied in the preparation
of the bead weld test specimen in onder to determine the critical
rate of cooling below which the thermal eycle may nroduce erratic
ehavior.

50. #olding technique and conditions, that is, prencat, post
neat, plate thickness, and welding proccss, may be varicd in prepara-
tion of th: prad weld notched-bar te suit commercisl practice used
in er, partimuisr welding shop.  Stolard conditions should be sot
up for comiorison purposes,  Some st ls il Lmprove decidedly
nder spoonal we lding Wechnique,

G



5. Data have been presented suggesting the use of single
and double widtr Y-potched-bar of the Charpy type in the study of
notch ‘toughness of plain carbon and low alloy steel plate material
in the a8 rolled xd welded condrtion,



TARE I

THE CHEMICAL ANALYSIS, NOTCHZID BAR VALUES
IN FOOT~POUNDS AND VICKERS SRINELL

HARDNESS FOR STZELS INVESTIGATED

Weld Joint Hardness
Charpy V-Notched Bar Spscimen Charpy V-Notched Vickera Brinell
1/2 7idth Charpy for Bar Specimen 10 XG Load
Keyhole Notzhed Bar As Rolled Plate lMaterial Bead Weld Standard Width Heat Affected Zone

3teel Chemical Composition - Per Cent ‘Weld 1/2 Width Standard Double Width Charpy V-Notched Bar Specimen Fusion  Anneeled Stesl
Noe [ Hn 51 N1 Cu ) Cr V' Plate* Quench (5 nm) {10 rm) (20 tm) 3tandard Double width Line Zone Plate Max. Average No.
1 0,17 | .41 | CalT Iﬁ 16 18 32 (D) 55 101 4% 85 F 39 } 55 162 215 176 1

2 0.25 | 0.43 | 0.20 16 15 26 (D) 40 63 38 70 37 |36 168 227 196 2

3 0435 | 0.68 | 0423 19 13 18 (D) | 17.2 29 17.1 26 i 47 | 18 194 246 226 3

¢ | 0444 | 0.65 | 0.24 10 2% 8.4 10 ——- 12 - ' 30 = 8 220 333 265 4

5 0.21 | 0.38 | 0,003 ! 17 124 25 (D) 25 46 38 80 : 34 25 156 | 215 180 5

i : ; |

6 | 0.27 | 0.47 | 0.002 ! 16 15 26 (D) 26 48 39 \ 50 ; 57 ¢ 40 L6 | 233 | 192 6

9 | D.26 | 0.48 | 0.23 ! 9 9 I 18 (D) 4 | 73 35 1 60 i 34 " o34 156 206 ¢ 184 | 9
10 0.27 | 0,74 | 0,21 ! 19 9 I3 (D; 49 9% 38 : 74 i 42 44 174 237 | 205 |10
11 0.29 | 1.06 | 0425 : 22 7 46 (D 107 (D) 147 76 (D) ! 139 ] 49 . 127 (D) | 192 369 i 258 |11
12 0.26 | 0446 | 0.005 14 16 24 (D) 30 36 32 40 i 45 .37 166 282 ! 222 13
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